An important feature of psychostimulant and opiate drugs of abuse is their ability, upon acute administration, to activate brain dopaminergic neurons as evidenced by increased striatal synaptic concentrations of dopamine (DiChiara 1995) . Chronic dopaminergic overactivity caused by drugs of abuse leads to a variety of compensatory changes that could influence behavior of the drug user. Synaptic levels of dopamine are decreased in experimental animals withdrawn from chronic psychostimulants (cf. DiChiara 1995) whereas striatal tissue dopamine levels are reduced in human chronic psychostimulant users: moderately for methamphetamine users (Wilson et al. 1996a) or slightly for cocaine users (Wilson et al. 1996b) . These changes could explain the dysphoric anhedonic motivational state during withdrawal to psychostimulant drugs. Both experimental animals and humans (cf. Wilson et al. 1996a,b) exposed to psychostimulants also demonstrate altered striatal levels of the dopamine transporter (DAT), a component of the dopamine nerve terminal critically involved in regulation of synaptic dopamine levels.
Relatively less attention has been focused on longterm effects of opiate drugs of abuse on the dopamine system. In fact, it has been assumed that opiates do not produce "enduring changes" in dopaminergic transmission or cellularity (Rogers et al. 1999) . Chronic administration of morphine or heroin to rodents, however, causes decreased striatal concentrations of synaptic dopamine (Acquas et al. 1991; Crippens and Robinson 1994) , its biosynthetic enzyme tyrosine hydroxylase (Self et al. 1995) and those of DAT (Simantov 1993) . Chronic morphine appears to damage dopaminergic neurons as indicated by impaired axonal transport from the dopamine cell body area of the ventral tegmental area (VTA) to nucleus accumbens, decreased size of dopaminergic cell bodies, and by increased expression in VTA of a marker of injury, glial fibrillary acidic protein (Beitner-Johnson et al. 1992; 1993; Self et al. 1995; SklairTavron et al. 1996) . As these animal data suggest that opiates might impair, reversibly or irreversibly, brain dopaminergic function in humans, we determined whether concentrations of biochemical markers of dopamine nerve terminal function and integrity are decreased in post mortem striatum (caudate, putamen, nucleus accumbens) of human chronic heroin users. The markers included dopamine itself, dopamine biosynthetic enzymes tyrosine hydroxylase and dopa decarboxylase, DAT, and the vesicular monoamine transporter (VMAT2). VMAT2 transports cytoplasmic monoamine neurotransmitters into vesicles and appears to be a stable marker of dopamine nerve terminal integrity in the dopamine-rich striatum (Vander Borght et al. 1995; Wilson and Kish 1996) .
In addition, as changes in monoamine neurotransmitter metabolism have been described in animals (Gunne 1963 ) (cf. Wakabayashi et al. 1995 , we measured levels of dopamine metabolites (homovanillic acid, 3-methoxytyramine, dihdroxyphenylacetic acid), serotonin and metabolite 5-hydroxyindoleacetic acid, and noradrenaline. Finally, as experimental animal data show that chronic opiate administration can upregulate striatal concentrations of extracellular signal-regulated kinases (ERKs), signaling molecules that may be involved in the regulation of levels of tyrosine hydroxylase (Ortiz et al. 1995; Berhow et al. 1996) , we also determined striatal concentration of ERK2 in the heroin users. Our biochemical findings suggest that chronic heroin exposure might modestly decrease both dopaminergic and serotonergic function in the human.
SUBJECTS AND METHODS
Post mortem brain material from a total of 14 control subjects and nine users of heroin was obtained from medical examiner offices in the U.S.A. using a standardized protocol. The mean ages and post mortem time (interval between death and freezing of the brain) between the drug abuse and matched control groups did not differ significantly (controls: 34 Ϯ 4 years; 14 Ϯ 2 hours; heroin: 38 Ϯ 2 years [ p ϭ .44]; 13 Ϯ 2 hours [ p ϭ .94]; mean Ϯ S.E., Student's two-tailed t-test). At autopsy, one half-brain was fixed in formalin fixative for neuropathological investigation whereas the other half was immediately frozen at Ϫ 80 Њ C until biochemical analysis. Clinical information was obtained by the medical examiners using a questionnaire format and through structured telephone interviews with the next of kin. This study was approved by the Institutional Review Board of the University of Toronto. Kish et al. 1999 ).
Control subjects for comparison with drug users

Drug users
The subjects for the heroin group, previously reported (Kish et al. 1999) , were selected from a large group of potential cases who met the following criteria: 1) presence of heroin metabolites (6-acetylmorphine, morphine, or morphine glucuronide) on toxicology screens in blood, autopsied brain, and, if available, as was the case in eight of the nine heroin users, scalp hair; 2) absence of other drugs of abuse in bodily fluids with the exception of ethanol; 3) evidence from the case records of primary use of heroin for at least one year prior to death; and 4) absence of neurological illness or, at autopsy, brain pathology unrelated to use of the drug. Most of the potential subjects were rejected because of a known history, confirmed by forensic drug examination, of significant use of cocaine. All of the heroin users administered the drug intravenously for a duration ranging from at least one year to 27 years. The pattern of recent drug use was daily (four subjects), two-three times a week (one subject) or unknown (four subjects). Five of the nine heroin users had been previously arrested for drug-related offenses. The suspected cause of death was acute narcotic intoxication (eight subjects) and atherosclerotic cardiovascular disease with acute narcotic intoxication as a contributing factor (one subject). Brain neuropathological analyses of the heroin us-ers disclosed no significant abnormalities in brain (including the substantia nigra and nucleus paranigralis brain areas) with the exception of mild ventricular dilatation (one subject) and mild diffuse gliosis in diencephalon and lower brain stem (one subject). Heroin and metabolite drug levels were measured by a gas chromatography/mass spectrometry procedure as previously described (Kish et al. 1999 ).
Brain dissection and neurochemical analyses
Brain regions were dissected using the atlas of Riley (Riley 1960) and, for the nucleus accumbens, as previously described (Hörtnagl et al. 1983 ). Levels of monoamine neurotransmitters and metabolites (HPLC with electrochemical detection; Wilson et al. 1994 (Ordway et al. 1994; Zhong et al. 1995) , VMAT2 protein by quantitative blot immunolabeling using an affinity-purified antibody (Chemicon) raised against a previously described peptide (Erickson et al. 1996) , and ERK1/2 protein by quantitative blot immunolabeling (Ortiz et al. 1995 ) were conducted as previously described.
Statistical analyses
Statistical comparisons between control and heroin groups values were conducted using the Student's twotailed t-test at the 0.05 criterion level.
RESULTS
Monoamine neurotransmitters and metabolites
As shown in Table 1 , concentrations of dopamine and its metabolites homovanillic acid, dihydroxyphenylacetic acid, and 3-methoxytyramine were normal in the three striatal subdivisions of the heroin users with the exception of a statistically significant reduction (-33%) in concentration of homovanillic acid in the nucleus accumbens. Statistically significant changes in striatal levels of noradrenaline and serotonin were limited to an increase ( ϩ 52%) in serotonin concentration in putamen of the heroin users. Striatal levels of the serotonin metabolite 5-hydroxyindoleacetic acid were decreased by 27-38% ( p Ͻ .05 for putamen and nucleus accumbens) in the heroin group.
Tyrosine hydroxylase and dopa decarboxylase
Mean protein concentrations of tyrosine hydroxylase were decreased significantly by 33% (caudate) and 25% (nucleus accumbens) in the heroin users whereas levels of dopa decarboxylase were normal in all three striatal subdivisions (Table 1) .
ERK
Mean levels of ERK2 were normal in striatum of the heroin group (Table 1) . Similar results were observed for ERK1 levels (data not shown).
DAT and VMAT2
No statistically significant differences from control levels were observed for binding density (B max To establish whether there might be any relationship in the heroin users between the extent of recent exposure of heroin and the biochemical changes, a correlation analysis (Spearman Rank) was performed between levels of "total heroin" (the sum of "total morphine" [free morphine plus morphine glucuronide] and 6-acetyl morphine) measured in occipital cortex and the brain monoamine and transporter concentrations. Statistically significant correlations with drug levels were limited to caudate dopa decarboxylase protein (-0.80; p ϭ .02), putamen dopamine (-0.71; p ϭ .04) and noradrenaline (0.73; p ϭ .03), and nucleus accumbens [ 
DISCUSSION
The major finding of our investigation is that striatal concentrations of several biochemical indices of dopamine and serotonin neurotransmitter activity are modestly reduced in brain of human heroin users.
Dopamine levels, biosynthesis, and metabolism
As most of striatal dopamine measured in post mortem human brain is intracellular, rather than synaptic, our finding of normal tissue concentrations of dopamine in the heroin users suggests that chronic heroin exposure, unlike that of methamphetamine (Wilson et al. 1996a) , does not lead to substantial depletion of tissue stores of dopamine in humans. Nevertheless, we did observe a trend for a modest (by 32%) dopamine reduction in the nucleus accumbens, with four of the nine heroin users having dopamine values below the lower limit of the control range in this brain area. We also found, in nucleus accumbens, decreased levels of the dopamine metabolite homovanillic acid (an index of dopamine "turnover"), and of protein concentration of tyrosine hydroxylase (the rate-limiting enzyme for dopamine biosynthesis). Taken together, these data suggest that dopaminergic activity might be modestly decreased in nucleus accumbens of chronic heroin users. This could occur as a compensatory response to prolonged dopaminergic stimulation by heroin (see also below). Our findings also support the possibility (Acquas et al. 1991; Crippens and Robinson 1994) that decreased dopaminergic function in nucleus accumbens might explain part of the dysphoria (e.g., anhedonic motivational state) associated with heroin withdrawal in humans.
DAT
Chronic exposure to cocaine can alter, by unknown mechanism, levels of striatal DAT independently of any change in number of dopamine neurons (cf. Wilson et al. 1994) . In rats, nucleus accumbens DAT is decreased following chronic morphine administration (Simantov 1993 ). In our human study, however, we found no statistically significant change in striatal DAT levels. Nevertheless, we did find a slight trend for decreased (by 25%) DAT concentration in nucleus accumbens of the heroin users, suggesting that chronic heroin exposure might downregulate levels of the transporter in some users of the drug and thereby prolong the action of dopamine released into the synapse.
ERK
Animal data suggest that ERK might be involved in regulation by opiate drugs of tyrosine hydroxylase, with protein levels increased in rat "striatum" (the rodent counterpart of the human caudate and putamen) following chronic morphine administration (Ortiz et al. 1995; Berhow et al. 1996) . Our data suggest, however, that any regulation by ERK of tyrosine hydroxylase in the human does not involve changes in actual striatal levels of ERK.
Serotonin
It has long been hypothesized that impulsive and risktaking behavior associated with decreased brain serotonergic function might increase vulnerability to substance abuse (Linnoila et al. 1983; McCown 1988) . In the rat, lesion of serotonergic innervation to nucleus accumbens increases morphine self-administration (Smith et al. 1987 ) whereas activation of the serotonin system by dexfenfluramine suppresses heroin self-administration (Wang et al. 1995) . In the human heroin users we did not find reduced levels of serotonin in striatum or, as was observed in our previous investigation of human methamphetamine users (Wilson et al. 1996a) , in orbitofrontal cortex (Brodmann areas 11 and 12; data not shown). This suggests that heroin is not toxic to brain serotonin neurons and does not cause depletion of tissue stores of the neurotransmitter in human users of the drug. We did observe, however, decreased levels of the serotonin metabolite 5-hydroxyindoleacetic acid in striatum and in frontal (Brodmann areas 6, 10, 10 medial, 12), temporal (area 21), and cingulate (area 24) cortices (data not shown) of the heroin users. Animal studies suggest that opiates acutely enhance activity of brain serotonergic neurons innervating the basal forebrain, as indicated by increased levels of 5-hydroxyindoleacetic acid in striatal microdialysates (Wise et al. 1995; Enrico et al. 1998) and in "whole" tissue (Spampinato et al. 1985; Wakabayshi et al. 1995; Desole et al. 1996) . Decreased concentration of 5-hydroxyindoleacetic in heroin users suggests that serotonergic activity might be below normal, perhaps as a compensatory phenomenon to prolonged serotonergic stimulation. As the brain serotonin system has been implicated in both affective state and impulse control (Soubrie 1986) , impaired function of the brain serotonergic system, if sufficiently severe in some heroin users, might alter both mood during drug withdrawal and the likelihood of drug-taking behavior.
Does heroin damage dopaminergic neurons?
Experimental animal data suggest that chronic opiate exposure might damage brain dopaminergic neurons. The changes described in rats include decreased levels of neurofilament proteins and size of cell bodies in the VTA, reduced axoplasmic transport, elevated concentration of a marker of cell damage, glial fibrillary acidic protein, and decreased axoplasmic transport from VTA to nucleus accumbens (see Introduction). In our qualitative histopathological analysis, we found no signs of obvious cell damage or loss in dopamine cell body regions of the substantia nigra or of the nucleus paranigralis (the human counterpart of the rodent VTA) areas of the heroin users. A systematic quantitative morphometric examination, however, was not performed and it is possible that modest cell loss or shrinkage (e.g., by 25%) could have occurred, especially in the paranigralis area, which would not have been detected in our investigation. As animal data suggest that striatal VMAT2 is a stable marker of dopamine nerve terminal integrity, our finding of normal VMAT2 levels suggests that long-term heroin exposure does not cause permanent loss of dopamine neurons. The observation, however, of decreased tyrosine hydroxylase protein in nucleus accumbens and caudate nucleus is consistent with the possibility that heroin might impair axoplasmic transport of the enzyme from cell body to nerve ending in human dopaminergic neurons. As mentioned above, however, it is equally plausible that the tyrosine hydroxylase reduction represents a compensatory downregulation of dopamine biosynthesis consequent to prolonged dopaminergic stimulation by heroin. Taken together, our biochemical findings suggest that any dopaminergic toxicity (i.e., structural or biochemical) caused by chronic heroin in the human is probably slight. Although care was taken to exclude subjects who had used other drugs of abuse, co-abuse of drugs such as cocaine or nicotine by the heroin users of our study might have influenced the effects of heroin on the dopaminergic system. Although we do not have information on nicotine use, co-abuse of cocaine was not likely, as indicated by the lack of presence of any psychostimulant in sequential hair segments.
CONCLUSION
It is generally assumed that chronic opiate abuse does not cause substantial reversible or irreversible changes in brain monoaminerigc neurons in humans. For example, based upon this assumption, a neuropsychological investigation into consequences of methamphetamine on human cognition has employed a group of heroin users as a "drug control" group (Rogers et al. 1999) . Although our post mortem findings do suggest that heroin exposure affects levels of monoaminergic neurotransmitter indices to a lesser extent than does exposure to the psychostimulant methamphetamine (Wilson et al. 1996a) , modest decreases in several brain dopaminergic and serotonergic indices were observed that could potentially modify behavior in human users of the drug.
